A finite element-based approach is presented for the prediction of the thermal behavior of the strip occurring in the finishing mill during hot strip rolling. The approach, which is fully coupled and three dimensional, is described in detail. The validity of the proposed approach is examined through comparison with measurements. Then the capability of the approach to predict the detailed aspects of the thermal behavior is demonstrated through an application to revealing the effect of an edge heater.
Introduction
In hot strip mills, the thermal history experienced by the strip during processing is one of the most important parameters influencing the product quality, not only because the flow stress is strongly dependent on the temperatures but also because the metallurgical properties of the product are substantially affected. Therefore, precise modeling and control of the strip temperatures has always been of keen interest to many researchers and engineers.
Precise modeling of the thermal behavior of the strip, however, is a difficult task, due to strong interaction between the thermal and mechanical behavior of the strip, as well as between the thermal behavior of the roll and that of the strip, and also due to the three dimensional nature of the problem. As a result, most of the modeling efforts were concentrated either on revealing the metal flow characteristics only [1] [2] [3] [4] or on revealing the two dimensional thermomechanical behaviors of the roll-strip system at a single mill stand. [5] [6] [7] Recently, some researchers were focused on the three dimensional aspect of the problem, but the related works [8] [9] [10] [11] were mostly limited to examining the thermomechanical behaviors occurring at a single mill stand.
Presented in this paper was a fully coupled, three dimensional, Eulerian finite element (FE)-based approach for the prediction of the thermal behavior that a strip would reveal as it passes through the entire finishing mill. The validity of the proposed model was examined through comparison with measurements. Then, a series of process simulation were conducted to investigate the effect of an edge heater on the thermal behavior of the strip.
Integrated FE Model for the Analysis of the Rollstrip System
An integrated FE model for the analysis of the thermomechanical behavior of the roll-strip system at a single mill stand consisted of three basic FE models-a model for the analysis of 3-D thermo-viscoplastic deformation of the strip (Model A), a model for the analysis of 3-D steady state thermal behavior of the strip (Model B), and a model for the analysis of 3-D steady state thermal behavior of the work roll (Model C). Details regarding Model A, Model B, and Model C may be found in the reference. 7) Interaction among the thermal and mechanical behavior of the strip and the thermal behavior of the work roll may be summarized as follows: the heat transfer and plastic deformation occurring in the strip affect each other, since the flow stress is temperature-dependent while plastic deformation generates heat; and the thermal behavior of the strip is coupled to that of the work roll due to roll-strip contact. In the present investigation, the interaction was taken into account by adopting an iterative solution scheme, as shown in Fig. 1 .
The heat transfer coefficient at the roll-strip interface used in conjunction with the present FE model was an empirical equation derived by Hlady et al. where Cϭ35ϫ10
Ϫ2 mm, k r and k s are the thermal conduc-
tivity of the roll and that of the strip, respectively, P r is the mean roll pressure, and s s is the mean flow stress in the skin of the strip at the bite region. Due to the effect of the interface heat transfer coefficient on the thermo-mechanical behavior, an additional iteration loop was required, as shown in Fig. 1 .
Simulation Strategy
A finishing mill consists of several mill stands, with its line length being extremely large compared to the strip thickness. Consequently, finite element simulation considering the entire finishing mill as a single analysis domain is impractical in the light of the computational efficiency. An alternative choice would be to divide the finish mill into several sub zones. As shown in Fig. 2(a) , each zone may be classified into one of the following four types: the first zone, which represents a region located in front of the first mill stand, the last zone, which represents a region located between the last mill stand and somewhere in front of the run-out-table for water cooling, an inter-stand zone, and a mill stand zone occupied by the roll-strip system. As shown in Fig. 2 (b), simulation may be performed for each zone in sequence, starting from the first zone and employing the temperatures predicted at the current zone as the inlet boundary conditions for the next simulation, until simulation for the last zone is completed. 
Computational Conditions
Investigated was the thermal behavior of the strip occurring in the finishing mill of POSCO no. 3 hot strip mill, Kwangyang works. As shown in Fig. 3 , the finishing mill consisted of seven mill stands (from F 1 to F 7 ), with each inter-stand being 5.8 m long. The first zone was selected so as to cover a region between the edge heater and the first mill stand, which was 20.02 m long. Note that the first zone completely included the edge heater zone. The last zone was selected so as to cover a region between the last mill stand and the location at which FDT (finishing mill delivery temperature) was measured, which was 4.2 m long.
The thermal and mechanical properties of the roll and strip and a variety of process variables selected for the present investigation were summarized in Tables 1 and 2 , respectively. The thermal boundary conditions employed in simulation for each zone were shown in Fig. 4 . When the edge heater was applied, it was assumed that the strip was subject to uniform heat flux, and that heat was transmitted only through the strip surface area located right beneath the edge heater. The area was, Aϭ50 mmϫ660 mmϫ2ϭ66 000 mm 2 , at each strip edge, as may be seen from Fig. 3 . In order to start process simulation, it was necessary to find the temperature distributions in the strip at the inlet cross section of the first zone and use them as the inlet boundary condition. Measurements made to determine the strip temperatures for this purpose revealed that the peak temperature was observed, not at the center of the strip, but at the location about 100 mm from the strip edge, as shown in Fig. 5 . The phenomenon was believed to be reflecting the effect of edge rolling, which was performed earlier in the roughing mill, on the thermal behavior of the strip. Figure 6 shows the finite element meshes representing the work roll and the strip in a mill stand zone, and a finite element mesh representing the strip in other zones. Note that the mesh density distributions in the work roll were designed so as to take into account the occurrence of the large temperature gradients at the bite region. Also, the mesh density distributions in the strip were designed so as to precisely examine the effect of an edge heater on the temperature distributions near the strip edge.
Verification
The typical temperature distributions in the roll and in the strip in a mill stand zone, and the temperature distributions in the strip in an inter-stand zone predicted from process simulation were illustrated in Fig. 7 . The surface temperatures of the strip predicted at the location where FDT was measured were found to be in excellent agreement with the measurements, as shown in Fig. 8 .
The predicted thermal behaviors of the strip in a mill stand zone and in an inter-stand zone, which were shown in Fig. 9 , may be justified, as follows; as may be seen from Fig. 9(a) , the surface temperatures of the strip were drasti- cally decreased as the strip passed through a mill stand zone, due to contact with the chilled work roll. However, the surface temperatures were quickly restored, as the strip passed through an inter-stand zone, due to the profuse heat supply from the relatively hot mass in the interior of the strip. On the contrary, as may be seen from Fig. 9(b) , the temperatures on the mid-plane of the strip were increased as the strip passed through a mill stand zone, due to heat generation by plastic deformation. However, the mid-plane temperatures were decreased as the strip passed through an inter-stand zone, due to the heat loss to the skin of the strip.
Effect of an Edge Heater
In order to investigate the effect of an edge heater, a series of process simulation were performed, for several different values of heat flux transmitted from the edge heater (qϭ0, 1, 2, 4, 6, 8 W/mm 2°C ) and also for two different process conditions (case 1 and case 2 in Table 2 ).
Clearly, an edge heater was effective in raising the strip temperatures near the strip edge, as was illustrated in Fig.  10 . However, the difference in FET (finishing mill entry temperature, or the temperature at the entrance of the F 1 mill stand) at the strip edge induced by the application of an edge heater was gradually reduced as the strip moved downstream, resulting in a smaller increase in FDT at the strip edge. It was also observed that the strip temperatures were affected by the application of an edge heater only in a narrow region near the strip edge, as shown in Fig. 11 , indicating that the main temperatures of the strip were little affected by the presence of an edge heater. for (c) the strip in the other zones. Note that the surface of the strip in the first zone was partly subject to the heat flux from the edge heater, which was not depicted here. (4) where DT FET and DT FDT denote the increase in FET and the increase in FDT, respectively, measured at the location 25 mm apart from the strip edge, q denotes the heat flux, A is the surface area of the strip exposed to the edge heater (Aϭ(2mϩH)ϫ2l), H and V denote the strip thickness and strip speed, respectively, at the location where FET is measured, h and v denote the strip thickness and strip speed, respectively, at the location where FDT is measured, and rC and rc denote the heat capacity measured when TϭFET and when TϭFDT, respectively.
The results of a series of process simulation confirmed the validity of Eqs. (3) and (4) DT FET measured at the surface-the greatest value. However, if through the thickness average of DT FET is used to evaluate a, then a should be smaller than 1.0 regardless of H, from the energy balance considerations. This is clearly illustrated in Note that Eq. (7) may be employed for the prediction of DT FDT , even when the details regarding the edge heater, such as q and A, and its exact location, are not known. Also, note that Eq. (3) or Eq. (4) may be used to inversely estimate the amount of heat flux transmitted from the edge heater.
Concluding Remarks
A finite element-based approach was presented for the prediction of the three dimensional, thermal behavior that a strip reveals as it passes through the entire finishing mill. The merits of the present approach lied in many aspects, for example, its capability of taking into account the strong interaction between the thermal and mechanical behavior of the strip, and also between the thermal behavior of the roll and that of the strip. Consequently, sound predictions could be made, which was partly demonstrated through this investigation.
The empirical models describing the change in the strip temperature at the strip edge, which were derived as an outcome of process simulation, may be further tested via more process simulation to see if they can cover various combinations of processing conditions, different strip materials, and different edge heater geometries, which should constitute a part of the future works to be done to achieve precision process control.
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